All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

In coastal marine systems, detritus (dead, decaying leaf litter) from seagrass, mangroves, salt marsh and macroalgae is transported by the currents, potentially supplying a subsidy to adjacent unvegetated soft-sediment habitats. The role of these detrital subsidies in structuring benthic macrofauna communities in temperate soft-sediments has been well documented and is an important mechanism for creating patchiness and heterogeneity in these recipient habitats (e.g. \[[@pone.0154790.ref001]--[@pone.0154790.ref005]\]). Furthermore, some studies have indicated that detrital addition increases the biomass of benthic microphytes (e.g. \[[@pone.0154790.ref006]--[@pone.0154790.ref008]\]), but collectively how these changes influence ecosystem functioning (e.g. benthic primary production, community metabolism, and nutrient regeneration) is not well understood (but see \[[@pone.0154790.ref009]\]).

Detritus may influence soft sediment ecosystem function via shifts in macrofaunal community composition in response to a new resource, but detritus could also alter nutrient regeneration, and subsequently influence primary production. The degradation of organic matter in soft sediments can increase nutrient regeneration at the sediment-water interface (e.g. \[[@pone.0154790.ref010]--[@pone.0154790.ref014]\]), fuelling microphytobenthos (MPB) productivity and growth. The observed increases in MPB biomass post-addition of detritus (e.g. \[[@pone.0154790.ref002], [@pone.0154790.ref006], [@pone.0154790.ref007], [@pone.0154790.ref015]--[@pone.0154790.ref017]\]) may therefore indicate a 'fertilisation effect' from the detrital subsidy as a result of nutrient mineralisation during detrital decay \[[@pone.0154790.ref018], [@pone.0154790.ref019]\]. Given that MPB can account for up to 50% of the total estuary autochthonous production \[[@pone.0154790.ref020]\], this could be an important process maintaining ecosystem productivity. Alternatively, the observed MPB increases may also suggest a removal of grazing pressure through macrofaunal community changes associated with detrital addition (as discussed by \[[@pone.0154790.ref002], [@pone.0154790.ref016]\]). In the field, we explore whether detrital subsidies and the temporal dynamics of decay influence MPB primary production and nutrient regeneration, and whether these associated changes are related to indirect food web effects (i.e. the fertilisation of MPB during detrital decay) or direct macrofaunal community changes in response to detrital subsidies.

Responses of the macrofauna and MPB to detrital addition are dependent on detrital source identity \[[@pone.0154790.ref017], [@pone.0154790.ref021]\], yet questions remain as to how differences in detrital quality (here, defined as the combination of decay rate and C:N content) among macrophyte sources control these responses and the subsequent effects on ecosystem function. The rate of litter decay (an indicator of detrital quality) is likely to influence the magnitude and any corresponding response in the food web. Therefore, any change in ecosystem function in response to detritus could depend on differences in decay rates among detrital sources. For example, in temperate latitudes mangrove leaf litter (e.g. *Avicennia marina*) is refractory and slow to decay (e.g. C:N = 23--47, half-life (t~50~) = 56--157 d; \[[@pone.0154790.ref022], [@pone.0154790.ref023]\]), while macroalgae, on the other hand, is more labile and decays rapidly (e.g. *Macrocystis integrifolia* C:N = 14.3, t~50~ = \~2 weeks; \[[@pone.0154790.ref024]\]). To explore how differences in the detrital quality among sources may influence soft-sediment ecosystem function, we chose three dominant detrital sources with different decay rates and C:N contents which we added to sediments *in situ*.

Macrophyte detritus decays exponentially, beginning with the rapid leaching of labile materials, which is then followed by the slow degradation of the recalcitrant portion (reviewed by \[[@pone.0154790.ref025]\]). Despite these important temporal dynamics, previous studies investigating the role of detrital addition on soft sediment ecosystems have mostly considered responses that occur at one or possibly two fixed points in time (most commonly after 2--3 months; e.g. \[[@pone.0154790.ref004], [@pone.0154790.ref009], [@pone.0154790.ref016], [@pone.0154790.ref017], [@pone.0154790.ref021], [@pone.0154790.ref026], [@pone.0154790.ref027]\]). These studies reveal little about the temporal evolution in ecosystem responses to detrital subsidies associated with the changes that occur during decay. One of the only studies to consider spatio-temporal patterns in macrofaunal community response to detrital additions, revealed significant species specific variations through time \[[@pone.0154790.ref001]\]. Our experimental design incorporated a temporal element, to explore whether detrital subsidies may have variable effects on benthic ecosystem function.

We added three dominant detrital sources (of different detrital quality) to the sediments on an intertidal sandflat, and then through time measured how these different detrital subsidies influence soft-sediment ecosystem function and benthic macrofaunal community composition. Based on observations that sediment chlorophyll *a* (chl *a*; a measure of MPB biomass) increases with the addition of detritus (e.g. \[[@pone.0154790.ref006], [@pone.0154790.ref016]\]), we expected that detritus would elevate the benthic primary production of MPB, either by releasing nutrients during decay or by altering the macrofaunal community structure. In addition, it was predicted that community metabolism would increase during the aerobic decay of the detritus. We also hypothesised that the magnitude of these ecosystem responses would be dependent on detrital quality, and would vary through time at the different stages of decay. The experiment was designed to increase our understanding of how detrital subsidies contribute to benthic ecosystem function in a field setting.

Materials and Methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

This study complied with all existing legislation governing animal welfare and field-based experiments. Animal ethics approval/permits were not sought as benthic invertebrate fauna sampled in this study are exempt from the Animal Welfare Act 1999. After consultation with the Waikato Regional Council and local iwi representatives, permits were not required for the experiment. The collection of benthic fauna was undertaken with a Ministry of Primary Industries Special Permit (560) Client Number 8770024.

Experimental treatments and setup {#sec004}
---------------------------------

To explore the effects of detrital subsidies on soft-sediment benthic ecosystem function, an experiment was conducted on a mid-intertidal sand flat (tidal elevation \~ +0.5 m above lowest astronomical tide; LINZ data service, Chart NZ 5312) in the Whangapoua Estuary, North Island, New Zealand (S 36° 44\' 19.3\", E 175° 39\' 02.8\"). The site was relatively sheltered and not exposed to strong wind wave currents. The sediment at the site consists of organic poor (\~ 1% organic content; OC) medium sands, with very little mud (silt/clay particles \< 63 μm) content (\< 5% by volume). The experiment began in February 2014 (late austral summer) coinciding with peak detrital production and decay \[[@pone.0154790.ref022], [@pone.0154790.ref028], [@pone.0154790.ref029]\] and ended in May.

Twenty-four 2 m^2^ (1.4 m × 1.4 m) plots separated by approximately 2 m were established at low tide in a 4 by 6 array. To ensure interspersion, one of the four experimental treatments (three detrital treatments and one control, n = 6 per treatment) was randomly assigned to one plot in each of the rows. Detrital treatments were mangrove (*Avicennia marina* subsp. *australasica*), seagrass (*Zostera muelleri*), and macroalgae (*Ecklonia radiata*) detritus, hereafter referred to as *Avicennia*, *Zostera*, and *Ecklonia* treatments, respectively. At low tide, 220 g m^-2^ of detritus (dry weight, DW) was added to the addition plots, by gently mixing it by hand into the surface sediments (0--5 cm depth) (as in \[[@pone.0154790.ref001], [@pone.0154790.ref002], [@pone.0154790.ref005], [@pone.0154790.ref021]\]). Control plots were treated in the same manner as detrital plots (i.e. sediments mixed by hand), however no detrital material was added. In addition to the control plots, we measured ecosystem function variables, sediment properties and macrofaunal community structure in ambient undisturbed sediments, to confirm that there were no significant effects caused by the disturbance of finger churning the sediments. The chosen detrital types represent three of the dominant detrital sources present in temperate New Zealand estuaries \[[@pone.0154790.ref030], [@pone.0154790.ref031]\], and include a range of different detrital decay rate and C:N content combinations; from the refractory slow decaying *Avicennia* detritus (C:N = 56, t~50~ = 46 d), to the more labile and rapidly decaying *Ecklonia* detritus (C:N = 18, t~50~ = 3 d), whereas *Zostera* detritus has an intermediate decay rate (C:N = 18, t~50~ = 28 d) (see [results](#sec008){ref-type="sec"}).

In order to eliminate treatment effects associated with decay state, the detritus was collected fresh (realistic of what enters the system). Yellow senescent, ready-to-fall leaves were selected from *A*. *marina* trees and live *E*. *radiata* thalli and *Z*. *muelleri* blades were hand-picked. To simulate the natural fragmentation of detritus deposited in the sediments, leaf material was dried at 60°C to constant weight, ground into pieces \~ 2 mm in dia. and stored (\< 2 weeks) before addition to the plots. The drying process is thought to be similar to that experienced by washed up detrital material during a summer afternoon low tide (e.g. \[[@pone.0154790.ref017]\]), and enabled us to standardise the amount and surface area of detritus added to each plot.

At 4, 17 and 46 d post-detrital addition, we measured benthic solute fluxes across the sediment-water interface, as well as macrofaunal community structure and sediment properties in each of the 24 plots. A different (randomly selected) quarter (0.5 m^2^) of each square plot was sampled on each date. Sampling times were chosen to encompass sedimentary and macrofaunal responses associated with the initial leaching and decay that litter experiences during decomposition \[[@pone.0154790.ref022], [@pone.0154790.ref023]\], as well as the possible longer-term effects on macrofauna identified in previous studies (e.g. \[[@pone.0154790.ref021], [@pone.0154790.ref026]\]). In order to determine the variability in ambient light and temperature levels between sampling dates, four HOBO data loggers (5 min. sampling interval) were placed within the study site during solute flux measurements. To determine source-specific decay rates for our study location, litterbags were positioned on the sediment surface (16 cm × 16 cm, 2mm mesh; \[[@pone.0154790.ref022], [@pone.0154790.ref028]\]) with a known initial DW of detritus. Litterbags were then retrieved at 4, 17, and 46 d post-addition (n = 4 bags per detrital type, per retrieval date). To eliminate decay effects associated with differences in the leaf surface area, and therefore obtain a relative decay rate between the detrital sources, we shredded the detritus for the litterbags to ensure that all types had a similar surface area to seagrass blades.

Field measurements {#sec005}
------------------

During a midday high tide, *in situ* benthic chambers were used to measure fluxes of dissolved oxygen and inorganic nutrients across the sediment-water interface (as in \[[@pone.0154790.ref012], [@pone.0154790.ref032]\]). In each plot, two circular chambers (one transparent 'light', and one blacked out 'dark') were placed side-by-side on an incoming tide incubating the sediment and overlying water (chamber sediment surface area = 0.016 m^2^, water vol. = 0.85 L). Each chamber had a sampling port and an inlet port that allowed ambient water to enter the chamber during sample extraction. After flushing with ambient seawater, the chambers were incubated for approximately 4 h (2 h before and after high tide) with water samples collected at the start and end of the incubation period. For each sample, the first 20 ml of water withdrawn from the chamber was discarded (i.e. water contained in the 1.5 m of sample tubing) before a further 60 ml sample was collected for analysis. To account for water column processes in our chamber flux calculations, three pairs of light and dark 1.5 L bottles were filled with ambient seawater, incubated just above the seabed, and sampled at the same time as the benthic chambers. Immediately following water sample collection, dissolved oxygen concentration was measured using an optical DO probe (PreSens Fibox 3 PSt3), then the sample filtered through a 24 mm Whatman GF/C filter, and immediately frozen awaiting analysis of dissolved inorganic nutrients.

After completion of the chamber incubations, one core (13 cm dia. × 15 cm depth) was collected from under the dark chamber in each plot, and the material retained on a 500 μm mesh sieve preserved in 70% Isopropyl alcohol for macrofaunal community analysis. Surface sediment properties (chl *a*, OC, and grain size---GS) were measured in each plot by taking three pooled sediment cores (3 cm dia. × 2 cm depth). Sediment samples were transported back to the laboratory on ice and then frozen prior to analysis. To reduce the disturbance created by sampling, core holes were infilled with defaunated sand (as in \[[@pone.0154790.ref032]\]).

Laboratory Analyses {#sec006}
-------------------

Filtered water samples were analysed for dissolved inorganic nutrient species (NH~4~^+^, NO~3~^-^, NO~2~^-^, PO~4~^3-^) on a LACHAT Quickchem 8500 series 2 Flow Injection Analyser (FIA). Sediment chl *a* and phaeophytin (Phaeo) pigments were extracted using 90% buffered acetone, and concentrations (μg g^-1^) were determined on a Turner 10-AU fluorometer, before and after acidification \[[@pone.0154790.ref033]\]. Sediment OC was determined by weight loss on ignition, after drying at 60°C to constant weight and then subsequent combustion at 550°C for 4 h. Sediment GS was measured using a Malvern Mastersizer 2000 (Particle size range: 0.05--2000 μm), following organic matter digestion in 10% hydrogen peroxide. Macrofauna were separated from sediment and shell hash after staining with Rose Bengal stain, and then identified to the lowest feasible taxonomic level (usually species). To quantify the amount of detritus remaining in plots, macrofaunal core samples (with the fauna removed) were elutriated in a sugar solution to separate the less dense detrital material from heavier shell hash and sediment \[[@pone.0154790.ref034]\]. Elutriated material was dried to constant weight at 60°C and then weighed. Litterbag samples were washed, dried at 60°C to constant weight and then weighed, to determine percentage weight loss through time. In addition, the initial C and N content in each detrital source was measured (n = 3) using an Elementar--vario EL cube analyser.

Flux calculations and data analysis {#sec007}
-----------------------------------

Fluxes of dissolved oxygen and inorganic nutrients across the sediment-water interface were calculated by subtracting the initial from the final concentration, and standardising this difference by incubation time, chamber water volume, and the enclosed sediment surface area. Chamber fluxes were also corrected for water column processes (mostly \< 5% of the measured chamber flux). These fluxes were used to derive the following measures of ecosystem function: net primary production (NPP; light chamber O~2~ flux), sediment oxygen consumption (SOC), which is used as a proxy for benthic community metabolism/respiration in the absence of MPB photosynthesis (dark chamber O~2~ flux), and gross primary production (GPP; light minus dark chamber O~2~ flux). Normalising GPP by sediment chl *a* content accounts for variation in MPB biomass providing an estimate of photosynthetic efficiency (GPP~chl\ a~). Concentrations of NO~2~^-^, NO~3~^-^, and PO~4~^3-^ were below or near detection limits (0.004 mg L^-1^) resulting in uncertainty and variability in flux calculations, therefore these nutrient species were not considered further. NH~4~^+^ fluxes in light and dark chambers were considered a proxy for inorganic nutrient regeneration in this study, as NH~4~^+^ is the first nitrogenous product of organic matter remineralisation and is linked to MPB production in New Zealand estuaries (e.g. \[[@pone.0154790.ref035], [@pone.0154790.ref036]\]). Preliminary analysis of NH~4~^+^ fluxes showed no significant difference between the light and dark chambers (PERMANOVA, *p* = 0.3) on any sampling dates, so were averaged for each light-dark chamber pair prior to statistical analysis.

t-tests were used to confirm that there was no procedural effect by comparing univariate response variables (sediment properties, solute fluxes, macrofauna abundance/richness) between ambient and control plots on d 4. t-tests were performed in the STATISTICA software package (Statsoft Inc.) on untransformed data after checking that the data met assumptions of independence, normality, and homogeneity of variance. In addition, a multivariate one-factor permutational analysis of variances (PERMANOVA) based on a Bray-Curtis similarity matrix was used to compare the macrofaunal community structure between ambient sediments and control plots.

We used a repeated measures PERMANOVA to determine treatment effects through time on each univariate response variable (OC, chl *a*, phaeo, median GS, mud content, detritus remaining, macrofauna abundance and taxa richness, NH~4~^+^, SOC, NPP, GPP, GPP~chl\ a~; using Euclidean distance matrices), as well as the multivariate macrofauna data (Bray-Curtis similarity), and multivariate sediment properties (OC, chl *a*, phaeo, median GS, mud content; Euclidean distance). The analysis had treatment (4 levels) and time (3 levels) as fixed factors, and plot (6 levels) as a random factor nested within treatment. As our hypotheses were based upon an anticipated temporal succession in treatment effects, time was considered a fixed (treatment) factor \[[@pone.0154790.ref037]\]. Main effects (treatment and time) were not considered if the time × treatment interaction was significant, instead post-hoc pair-wise tests were undertaken to identify differences between treatment effects for each sampling date. In the absence of a time × treatment interaction, pair-wise tests determined differences between treatments and sampling dates. Non-metric Multidimensional Scaling analysis (nMDS) was used to visualise patterns in multivariate macrofaunal community species data among treatments and sampling dates, and SIMPER analysis used to determine which species were contributing to community differences. Raw, untransformed macrofauna species data were used in PERMANOVA and nMDS analyses, because abundances were spread relatively evenly across taxa, making transformations unnecessary. Univariate response variables were also left untransformed. PERMANOVA, nMDS and SIMPER analyses were all performed in the PRIMER 7 statistical software program \[[@pone.0154790.ref037], [@pone.0154790.ref038]\].

Single exponential decay models (*X*~*(t)*~ *= e*^*-kt*^; \[[@pone.0154790.ref025]\]) were used to estimate decay rates of the detritus using untransformed data collected at 4, 17 and 46 d. In the model, *X*~*(t)*~ = the proportion of detritus remaining in the litterbags after time *t* (days), and *k* = detrital decay constant (d^-1^). In using the litterbag method, decay represents not only decomposition, but the potential loss of litter pieces that are smaller than the litterbag mesh (\< 2 mm). t~50~ (i.e. time in days it takes for the detritus to decay to half its original weight) was then calculated as: *t*~*50*~ *= k*^*-1*^ *× ln2*, along with the 95% confidence intervals of the decay curves. Decay models were fitted using STATISTICA (Statsoft Inc.). All raw data used in analyses can be found in the supporting information ([S1 Table](#pone.0154790.s001){ref-type="supplementary-material"}, [S2 Table](#pone.0154790.s002){ref-type="supplementary-material"}, [S3 Table](#pone.0154790.s003){ref-type="supplementary-material"}).

Results {#sec008}
=======

We found no procedural effects (of hand mixing the sediments) on the sediment properties ([Table 1](#pone.0154790.t001){ref-type="table"}) and ecosystem function variables (GPP, NPP, SOC, GPP~chl\ a~ and NH~4~^+^ flux) in t-tests comparing control and ambient sediments after 4 d (t-tests *p* \> 0.3). Sediment mixing had no effect on the macrofaunal community structure (PERMANOVA df = 1, pseudo-F = 0.6, *p* = 0.7), total abundance or taxa richness (t-tests *p* \> 0.4). Therefore, results measured from ambient plots were excluded from all further analyses.

10.1371/journal.pone.0154790.t001

###### Sediment properties and macrofaunal community variables.

Variables are reported as a function of detritus treatment (control, *Avicennia*, *Zostera*, *Ecklonia*) and time (4, 17, 46 d post-detrital addition). Day 4 ambient data were included to test for procedural effects (see text) and data represent the mean ±1 SE (n = 6 (4 for ambient plots)).

![](pone.0154790.t001){#pone.0154790.t001g}

  Day   Variable                                Ambient       Control       *Avicennia*   *Zostera*     *Ecklonia*
  ----- --------------------------------------- ------------- ------------- ------------- ------------- -------------
  4     OC (%)                                  1.08 ± 0.07   1.11 ± 0.03   1.48 ± 0.06   1.35 ± 0.06   1.26 ± 0.03
        Chl *a* (μg g^-1^)                      7.5 ± 1.0     7.2 ± 0.4     6.4 ± 0.3     7.0 ± 0.7     6.5 ± 1.1
        Phaeo (μg g^-1^)                        3.6 ± 1.2     3.9 ± 0.6     6.4 ± 0.8     5.6 ± 0.6     8.7 ± 1.1
        Mud content (%)                         2.5 ± 1.0     3.1 ± 0.7     3.0 ± 0.6     3.0 ± 0.2     2.7 ± 0.4
        Median GS (μm)                          274 ± 7       265 ± 5       266 ± 5       261 ± 3       263 ± 4
        Amount of detritus (g DW core^-1^)      0.35 ± 0.17   0.49 ± 0.13   0.84 ± 0.17   1.42 ± 0.63   0.57 ± 0.10
        Macrofauna total abundance (core^-1^)   206 ± 57      175 ± 24      218 ± 39      177 ± 27      218 ± 25
        Macrofauna taxa richness (core^-1^)     20.8 ± 1.5    18.8 ± 1.6    19.8 ± 1.7    19.5 ± 0.9    20.0 ± 0.8
  17    OC (%)                                                1.18 ± 0.15   1.24 ± 0.05   1.38 ± 0.10   1.19 ± 0.08
        Chl *a* (μg g^-1^)                                    7.5 ± 1.10    6.3 ± 0.4     9.1 ± 1.3     5.9 ± 0.5
        Phaeo (μg g^-1^)                                      6.9 ± 1.3     7.1 ± 1.1     5.6 ± 1.1     6.5 ± 1.5
        Mud content (%)                                       3.1 ± 0.2     3.3 ± 0.6     3.5 ± 0.4     3.7 ± 0.3
        Median GS (μm)                                        265 ± 3       263 ± 4       255 ± 3       264 ± 4
        Amount of detritus (g DW core^-1^)                    0.35 ± 0.09   1.04 ± 0.50   0.94 ± 0.20   0.56 ± 0.15
        Macrofauna total abundance (core^-1^)                 226 ± 24      239 ± 17      269 ± 19      291 ± 24
        Macrofauna taxa richness (core^-1^)                   25.2 ± 2.2    22.0 ± 0.8    22.7 ± 1.5    25.0 ± 1.2
  46    OC (%)                                                1.23 ± 0.09   1.21 ± 0.03   1.34 ± 0.02   1.16 ± 0.10
        Chl *a* (μg g^-1^)                                    7.9 ± 0.4     7.51 ± 1.2    8.49 ± 1.1    7.71 ± 1.7
        Phaeo (μg g^-1^)                                      4.4 ± 0.8     4.4 ± 0.5     4.5 ± 0.8     4.0 ± 0.7
        Mud content (%)                                       2.4 ± 0.5     2.7 ± 0.2     3.0 ± 0.5     2.9 ± 0.5
        Median GS (μm)                                        265 ± 3       275 ± 5       264 ± 6       266 ± 4
        Amount of detritus (g DW core^-1^)                    0.61 ± 0.27   0.38 ± 0.11   1.00 ± 0.41   0.42 ± 0.08
        Macrofauna total abundance (core^-1^)                 183 ± 21      200 ± 19      203 ± 31      202 ± 15
        Macrofauna taxa richness (core^-1^)                   17.3 ± 0.5    20.2 ± 1.0    21.5 ± 1.4    21.3 ± 0.8

OC = total organic content of sediment; Chl *a* = sediment chlorophyll *a* pigment content; Phaeo = sediment phaeophytin pigment content; GS = grain size; Mud = silt/clay (particles \< 63 μm); DW = dry weight

Sediment variables {#sec009}
------------------

Four days post-detrital addition, sediment OC was elevated by 11--33% in treatment plots relative to the controls ([Table 1](#pone.0154790.t001){ref-type="table"}). A similar pattern was also seen in the amount of detritus recovered (by sugar elutriation), where addition plots were elevated by 14--65% compared to controls. These increases in OC and detritus recovered however were only statistically significant for *Zostera*, which remained elevated throughout the experiment ([Table 2](#pone.0154790.t002){ref-type="table"}).

10.1371/journal.pone.0154790.t002

###### Repeated measures PERMANOVA results for sediment properties and macrofauna community variables.

PERMANOVA tests were performed on univariate measures of sediment properties, macrofaunal abundance, and taxa richness (Euclidean Distance), and multivariate macrofaunal community structure (Bray Curtis similarity), as a function of time (4, 17, 46 d post-addition) and treatment (C = control, A = *Avicennia*, E = *Ecklonia*, Z = *Zostera*). Significant effects (*p* \< 0.05) are indicated in bold. In the instance of time × treatment interactions, *p* values are not given for main effects, and PERMANOVA post-hoc pair-wise tests show treatment effects on each sampling date, separately.

![](pone.0154790.t002){#pone.0154790.t002g}

  Variable                Source             df   MS         Pseudo-F   *p*(perm)    Post-hoc pair-wise tests
  ----------------------- ------------------ ---- ---------- ---------- ------------ ---------------------------------------------
  OC                      Time × Treatment   6    0.05       2.13       0.0676        
                          Time               2    0.03       1.16       0.3233        
                          Treatment          3    0.14       3.48       **0.0387**   C = A, C = E, C\<Z, A = E, A = Z, E\<Z
                          Plot(treatment)    20   0.04       1.67       0.0784        
                          Residual           40   0.02                                
  Chl *a*                 Time × Treatment   6    2.56       0.83       0.5652        
                          Time               2    7.75       2.50       0.0924        
                          Treatment          3    8.92       5.77       **0.0041**   C = A, C = E, C = Z, A = E, A\<Z, E\<Z
                          Plot(treatment)    20   1.54       0.50       0.9617        
                          Residual           40   3.11                                
  Phaeo                   Time × Treatment   6    10.05      2.37       **0.0433**   4 d: C\<A, C\<E, C = Z, A = E, A = Z, E\>Z;
                          Time               2    32.78      7.74                    17 and 46 d: ns
                          Treatment          3    7.10       1.38                     
                          Plot(treatment)    20   5.14       1.21       0.2896        
                          Residual           40   4.23                               
  Mud content             Time × Treatment   6    0.41       0.55       0.7725       
                          Time               2    2.55       3.47       **0.0418**   4 d = 17 d, 4 d = 46 d, 17 d\>46 d
                          Treatment          3    0.34       0.23       0.8913        
                          Plot(treatment)    20   1.46       1.99       **0.0319**    
                          Residual           40   0.73                                
  Median GS               Time × Treatment   6    56.54      1.20       0.3310       
                          Time               2    214.30     4.56       **0.0152**   4 d = 17 d, 4 d = 46 d, 17 d\<46 d
                          Treatment          3    184.66     1.14       0.3610        
                          Plot(treatment)    20   162.21     3.46       **0.0005**    
                          Residual           40   46.95                               
  Amount of detritus      Time × Treatment   6    0.31       0.70       0.6725       
                          Time               2    0.32       0.71       0.5234       
                          Treatment          3    1.56       3.98       **0.0181**   C = A, C = E, C\<Z, A = E, A = Z, E\<Z
                          Plot(treatment)    20   0.39       0.87       0.6202       
                          Residual           40   0.45                               
  Macrofauna total        Time × Treatment   6    1949.90    0.63       0.7006        
  abundance               Time               2    28342.00   9.23       **0.0005**   4 d\<17 d, 4 d = 46 d, 17 d\>46 d
                          Treatment          3    5478.10    1.87       0.1681        
                          Plot(treatment)    20   2929.40    0.95       0.5265        
                          Residual           40   3071.80                             
  Macrofauna taxa         Time × Treatment   6    15.08      2.20       0.0621        
  richness                Time               2    128.43     18.70      **0.0001**   4 d\<17 d, 4 d = 46 d, 17 d\>46 d
                          Treatment          3    9.20       0.75       0.5339        
                          Plot(treatment)    20   12.25      1.78       0.0590        
                          Residual           40   6.87                                
  Macrofaunal community   Time × Treatment   6    366.81     0.81       0.7831       
  (Multivariate)          Time               2    3614.10    8.02       **0.0001**   4 d≠17 d, 4 d≠46 d, 17 d≠46 d
                          Treatment          3    494.18     0.80       0.7174       
                          Plot(treatment)    20   620.46     1.38       **0.0122**   
                          Residual           40   450.53                             

OC = total organic content of sediment; Chl *a* = sediment chlorophyll *a* pigment content; Phaeo = sediment phaeophytin pigment content; GS = grain size; Mud = silt/clay (particles \< 63 μm)

Other sediment properties were mostly unaffected by the detrital addition, except for chl *a* and phaeo. Chl *a* was consistently higher in *Zostera* plots compared to *Avicennia* and *Ecklonia* plots, but none of the detritus treatments differed from controls. Phaeo was higher in *Avicennia* and *Ecklonia* plots relative to controls after 4 d, but no treatment effects were observed 17 and 46 d post-addition. Mud content and median GS differed between sampling dates (Tables [1](#pone.0154790.t001){ref-type="table"} and [2](#pone.0154790.t002){ref-type="table"}). A multivariate PERMANOVA analysing treatment and time effects on all sediment properties combined revealed no treatment effects (df = 3, pseudo-F = 1.18, *p* = 0.3), but significant time effects were found (df = 2, pseudo-F = 4.68, *p* = 0.01), and post-hoc pair-wise tests revealed that multivariate sediment properties at 46 d were significantly different to those at 4 and 17 d (*p* \< 0.05).

Detrital decomposition {#sec010}
----------------------

Initial litter C:N ratios (±1 SE, n = 3) were 55.9 (±0.3) for *Avicennia* (N = 0.82%), 18.49 (±0.06) for *Zostera* (N = 1.49%), and 18.39 (±0.06) for *Ecklonia* (N = 1.83%). Leaf litterbag results confirmed distinct differences in detrital decay rates among *Avicennia*, *Zostera*, and *Ecklonia* detritus. After 46 d, *Avicennia* lost 48% of its weight, *Zostera* litter 65%, and *Ecklonia* decayed the fastest with no litter left at the end of the experiment ([Fig 1](#pone.0154790.g001){ref-type="fig"}). These differences in weight lost were reflected in t~50~ values (95% CI), which were 46 d (41--53 d), 28 d (23--37 d), and 2.6 d (2.5--2.8 d) for *Avicennia*, *Zostera*, and *Ecklonia* detritus, respectively.

![Decay rates of *Avicennia*, *Zostera* and *Ecklonia* detritus.\
Data represent the mean percentage (±1 SE; n = 4) of initial dry weight (DW) remaining in litterbags as a function of time.](pone.0154790.g001){#pone.0154790.g001}

Macrofaunal community {#sec011}
---------------------

We collected 52 different macrofaunal species/taxa, with a total of 16,425 individuals across the 24 plots on three sampling occasions. The dominant group were the polychaetes, making up 54% of the total abundance comprising 20 species. Of the remaining groups, bivalves contributed 23% to the total abundance (6 species), amphipods 8% (8 species), gastropods 4% (8 species), with the remainder (\~ 10%) in the classes anthozoa, crustacea (orders not including amphipoda), rhabditophora, polyplacophora, clitellata and nemertea, all of which had just 1--2 species each.

Multivariate macrofaunal community structure, and univariate abundance and richness changed through time (Tables [1](#pone.0154790.t001){ref-type="table"} and [2](#pone.0154790.t002){ref-type="table"}, [Fig 2A](#pone.0154790.g002){ref-type="fig"}). Pair-wise tests revealed that univariate measures of abundance and taxa richness were higher on d 17 compared to d 4 and 46, whereas multivariate community structure differed among all three sampling dates. SIMPER analysis showed that the same species (the polychaetes *Prionospio aucklandica* and *Aonides trifida*, bivalves *Austrovenus stutchburyi* and *Lasaea parengaensis*, and amphipod *Paracalliope novizealandiae*) were responsible for 50% of the cumulative dissimilarity between sampling dates, indicating that temporal differences in community structure were likely driven by changes in the relative abundances of these species. No significant effects of detrital addition on univariate or multivariate measures of macrofaunal community structure were detected ([Table 2](#pone.0154790.t002){ref-type="table"}, [Fig 2B](#pone.0154790.g002){ref-type="fig"}).

![nMDS ordination of untransformed macrofaunal community data.\
Ordinations (based on Bray-Curtis similarity) show species distributions as a function of **(A)** time: 4, 17 and 46 d post-detrital addition (n = 24) and **(B)** detrital treatments: control, *Avicennia*, *Zostera*, and *Ecklonia* (n = 18). Each data point represents the macrofaunal community in one core sample.](pone.0154790.g002){#pone.0154790.g002}

Measures of ecosystem function {#sec012}
------------------------------

NH~4~^+^ flux and SOC were unaffected by the addition of detritus throughout the experiment, but both showed significant temporal variability ([Table 3](#pone.0154790.t003){ref-type="table"}, [Fig 3A and 3B](#pone.0154790.g003){ref-type="fig"}). The NH~4~^+^ flux was higher (19--26%) on d 4 and 46 compared to d 17. The SOC measured at 4 and 17 d post-detrital addition was double that measured on d 46. Light levels at the sediment-water interface and salinity also varied across the sampling dates ([Table 4](#pone.0154790.t004){ref-type="table"}).

![Solute fluxes in control and detrital treatments at 4, 17, and 46 d post-addition.\
**(A)** NH~4~^+^ flux (light and dark chamber fluxes pooled); **(B)** Net primary production (NPP; white bars light chambers) and sediment oxygen consumption (SOC; black bars dark chambers); and **(C)** Gross primary production normalised for chlorophyll *a* biomass (GPP~chl\ a~), as a function of treatment (C = Control, *A* = *Avicennia*, *Z* = *Zostera*, *E* = *Ecklonia*) and time (4, 17, and 46 d post-addition). Data represent the mean +1 SE (n = 6). PERMANOVA pair-wise test results (within a sampling date) for significant time × treatment interaction are shown as letters above bars, where bars sharing the same letter are not significantly different (*p* \< 0.05).](pone.0154790.g003){#pone.0154790.g003}

10.1371/journal.pone.0154790.t003

###### Summary of repeated measures PERMANOVA results on univariate measures of ecosystem function.

PERMANOVA tests (Euclidean distance) were performed on ecosystem function variables, as a function of time (4, 17, 46 d post-addition) and treatment (C = control, A = *Avicennia*, E = *Ecklonia*, Z = *Zostera*). Significant effects (*p* \< 0.05) are indicated in bold. In the instance of time × treatment interactions, *p* values are not given for main effects, and PERMANOVA post-hoc pair-wise tests show treatment effects on each sampling date, separately.

![](pone.0154790.t003){#pone.0154790.t003g}

  Ecosystem function variable   Source             df   MS         Pseudo-F   *p*(perm)    Post-hoc pair-wise tests
  ----------------------------- ------------------ ---- ---------- ---------- ------------ ------------------------------------------------------
  NH~4~^+^                      Time × Treatment   6    3542       1.21       0.2883        
                                Time               2    7914       2.71       **0.0362**    4 d\>17 d, 4 d = 46 d, 17 d\<46 d
                                Treatment          3    2175       0.76       0.6051        
                                Plot(treatment)    20   2867       0.98       0.5024        
                                Residual           40   2923                                
  SOC                           Time × Treatment   6    211230     1.60       0.1711       
                                Time               2    23157000   175.84     **0.0001**   4 d = 17 d, 4 d\>46 d, 17 d\>46 d
                                Treatment          3    53999      0.37       0.7813        
                                Plot(treatment)    20   147280     1.12       0.3716        
                                Residual           40   131690                              
  NPP                           Time × Treatment   6    3106900    9.33       **0.0001**   4 d: C\>A, C\>E, C = Z, A\<E, A\<Z, E\<Z;
                                Time               2    11620000   34.88                   17 and 46 d: ns
                                Treatment          3    3376000    9.52                     
                                Plot(treatment)    20   354700     1.06       0.4158        
                                Residual           40   333140                             
  GPP                           Time × Treatment   6    3512100    6.94       **0.0001**   4 d: C\>A, C\>E, C = Z, A\<E, A\<Z, E = Z;
                                Time               2    2767900    5.64                    17 d: C = A, C = E, C = Z, A\>E, A = Z, E = Z;
                                Treatment          3    490980     0.97                    46 d: C\<A, C = E, C = Z, A = E, A = Z, E = Z
                                Plot(treatment)    20   490980     0.97       0.5094        
                                Residual           40   505960                             
  GPP~chl\ a~                   Time × Treatment   6    113300     7.85       **0.0001**   4 d: C\>A, C = E, C = Z, A\<E, A\<Z, E = Z;
                                Time               2    11896      1.28                    17 d: C\<A, C = E, C = Z, A = E, A\>Z, E\>Z; 46d: ns
                                Treatment          3    9264       0.64                     
                                Plot(treatment)    20   9264       0.64       0.8593        
                                Residual           40   14437                              

NH~4~^+^ = ammonium flux; SOC = sediment oxygen consumption; NPP = net primary production; GPP = gross primary production; GPP~chl\ a~ = GPP normalised for chlorophyll *a* biomass

10.1371/journal.pone.0154790.t004

###### Light, temperature, and salinity at the sediment-water interface.

For light and temperature, the mean (±1 SE; n = 4 loggers) for each incubation period is presented, and for salinity, the results of a single measurement are shown.

![](pone.0154790.t004){#pone.0154790.t004g}

  Day   Light (Lux)     Temperature (°C)   Salinity
  ----- --------------- ------------------ ----------
  4     12493 ± 3828    22.2 ± 0.1         25.2
  17    22282 ± 12130   20.1 ± 0.1         30.7
  46    5573 ± 1138     20.1 ± 0.1         24.3

Ecosystem function variables related to primary production (NPP, GPP, GPP~chl\ a~) showed significant time × treatment interactions ([Table 3](#pone.0154790.t003){ref-type="table"}), indicating that detrital treatment effects varied among the sampling dates. PERMANOVA pair-wise comparisons revealed that 4 d after the addition, NPP was lower in *Avicennia* and *Ecklonia* treatments compared to that measured in control and *Zostera* plots ([Table 3](#pone.0154790.t003){ref-type="table"}; [Fig 3B](#pone.0154790.g003){ref-type="fig"}). In *Avicennia* and *Ecklonia* treatments, there was a drawdown of oxygen into the sediments (a negative flux of \~ -260 to -1350 μmol O~2~ m^-2^ h^-1^) while in the control and *Zostera* treatments there was an efflux of oxygen out of the sediments and into the water column (a positive flux \~ 1200 μmol O~2~ m^-2^ h^-1^). However, these treatment effects on NPP were not found on subsequent sampling dates. Like NPP, GPP was reduced in *Avicennia* (by 59%) and *Ecklonia* (by 23%) plots compared to control plots, but only on d 4. GPP~chl\ a~ was reduced by similar amounts on d 4 in *Avicennia* and *Ecklonia* (marginally significant at *p* = 0.09) plots, but interestingly after 17 d *Avicennia* plots had higher GPP~chl\ a~ (by 23%) compared to control plots. After 46 d, there was no detrital treatment effects on GPP~chl\ a~ ([Table 3](#pone.0154790.t003){ref-type="table"}; [Fig 3C](#pone.0154790.g003){ref-type="fig"}).

Discussion {#sec013}
==========

Previous studies have highlighted the role that macrophyte detrital subsidies play in structuring benthic macrofaunal communities and influencing MPB biomass on temperate intertidal flats (e.g. \[[@pone.0154790.ref001], [@pone.0154790.ref016], [@pone.0154790.ref021], [@pone.0154790.ref026], [@pone.0154790.ref027]\]). This study, however, is the first to measure the temporal succession of *in situ* benthic primary production, community metabolism, and nutrient regeneration following the addition of detritus to the sediments. Four days after the addition, sediment OC was raised in detrital treatment plots relative to controls (by 11--33%), though this was only significant for *Zostera*, which remained raised throughout the experiment. Ecosystem responses to detrital additions however were not as predicted from their differences in C:N ratios and decay rates. We expected that the responses among detrital sources would vary through time due to differences in detrital quality, and that initially the fastest decaying, most labile detrital source (*Ecklonia*) would show the greatest response in ecosystem function, with the slowest decaying (*Avicennia*) having the least response. Instead, *Avicennia* and *Ecklonia* detritus (t~50~ = 46 and 2.6 d, respectively) both influenced short-term primary production of the sediments, with no effects of the addition of *Zostera* detritus (t~50~ = 28 d), and these effects changed as the experiment progressed. Nutrient regeneration, community metabolism, and the macrofaunal community showed no response to the addition of detritus, but were instead dominated by temporal changes.

Our measures of community metabolism (SOC) and nutrient regeneration (NH~4~^+^ flux) varied through time and were unaffected by detrital enrichment (or the interaction of these two factors). Macrofauna are known to regulate ecosystem functions, such as SOC and NH~4~^+^ fluxes \[[@pone.0154790.ref014], [@pone.0154790.ref032], [@pone.0154790.ref039]--[@pone.0154790.ref041]\], and the subtle shifts in the relative abundances of a few species among the sampling dates (e.g. high abundances at 17 d) may be responsible for the temporal changes in NH~4~^+^ flux. Furthermore, correlations between sediment properties and ecosystem functions, such as SOC, have been found previously (e.g. \[[@pone.0154790.ref041]\]), and in our study, the temporal differences in several sediment properties could explain the differences we found in SOC (i.e. both multivariate sediment properties and SOC changed on 46 d).

Unlike SOC and NH~4~^+^, ecosystem functions associated with benthic primary production (NPP, GPP, GPP~chl\ a~) showed significant time × treatment interactions, revealing that detrital enrichment effects changed and evolved through time. It is common for soft-sediment communities to show temporal variation (e.g. \[[@pone.0154790.ref042], [@pone.0154790.ref043]\]), and it has been suggested that heterogeneity in soft-sediment ecosystems contributes to ecosystem stability and resilience \[[@pone.0154790.ref044]--[@pone.0154790.ref046]\]. Our results have found that detritus creates transient responses in function, therefore potentially contributing to the heterogeneous nature of intertidal sandflat ecosystems. Here, we demonstrate that sampling at one point in time gives us only a snap-shot of benthic ecological function, while omitting important transient processes that evolve over varying time scales in response to detrital decay processes. Our detrital decay curves show that the initial rapid leaching stage \[[@pone.0154790.ref025]\] occurred in the first 4 days of decay for all sources, which was then followed by the slow decay of the recalcitrant components of the leaf. Detritus-induced changes to benthic primary production are likely associated with the time scales of decay, which may explain the changes in primary production through time that we detected (e.g. the initial suppression of primary production at 4 d).

Source dependent detrital effects were not related to differences in detrital decay rate, and instead the fastest and slowest decaying sources (*Ecklonia* and *Avicennia*) were the sources to have effects on sediment primary production. This suggests that detrital responses may be controlled by the chemical composition and palatability of the detrital source, rather than the decay rate. The initial suppression (4 d) of NPP, GPP and GPP~chl\ a~ in *Avicennia* and *Ecklonia* was unexpected, given our prediction that detrital subsidies could 'fertilise' and stimulate MPB primary production. The absence of treatment effects on SOC in the dark chambers mean that treatment differences in GPP and GPP~chl\ a~ are associated with changes in the light chambers (NPP), where photosynthesis by MPB occurs. Both mangrove and kelp detritus contain secondary chemical compounds (deterrents for consumers), such as tannins, that leach during decomposition \[[@pone.0154790.ref047]\]. This leaching of plant compounds may be responsible for the short-term suppression in GPP and GPP~chl\ a~, either in a photo-inhibitory manner as the brown colour of leached compounds may inhibit light reaching MPB (we observed the brown colour in our plots at 4 d), or through toxic effects on MPB. Secondary compounds in mangrove leaves, such as tannins, have been shown to have negative effects on soft sediment meiofauna \[[@pone.0154790.ref048]\], and it is possible that they have similar negative effects on MPB, though this requires further investigation. After 17 d, *Avicennia* detritus significantly increased GPP~chl\ a~ (but not GPP), possibly due to a 'fertilisation effect' as the detritus slowly decays \[[@pone.0154790.ref018], [@pone.0154790.ref019]\]. However, this increase in GPP~chl\ a~ was not associated with any changes in macrofaunal community, and therefore we hypothesise that the response was instead microbial.

We expected to see shifts in macrofaunal community structure with detrital enrichment that have been found previously (e.g. \[[@pone.0154790.ref003], [@pone.0154790.ref006], [@pone.0154790.ref027]\]), but these responses were absent at our site. Site-dependent macrofaunal responses have been found by others (e.g. \[[@pone.0154790.ref007], [@pone.0154790.ref017]\]), and our results confirm that macrofaunal responses to detrital enrichment must be context-specific, and are perhaps regulated by the resident macrofaunal community or sediment type. Significant shifts in macrofaunal abundances and species compositions have been noted in sites with muddy sediments (e.g. \[[@pone.0154790.ref001], [@pone.0154790.ref016], [@pone.0154790.ref017], [@pone.0154790.ref021], [@pone.0154790.ref027]\]). We note that our study site had relatively sandy sediments, which generally have low background organic content compared to mud \[[@pone.0154790.ref041]\]. Increased organic loading in mud may induce greater microbial and macrofaunal responses associated with reaching a threshold of organic enrichment and anoxia, that may not occur in organic poor sands. Additionally, specific species are responsible for detrital induced faunal community changes, and these have included deposit-, scavenger- and suspension-feeding species from families Capitellidae, Cirratulidae, Orbiniidae, Nereididae, and Oligochaeta, as well as the sabellid polychaete, *Euchone variabilis*, and the bivalve, *Macomona deltoidalis* \[[@pone.0154790.ref001], [@pone.0154790.ref003], [@pone.0154790.ref007], [@pone.0154790.ref017], [@pone.0154790.ref027]\]. While some of these taxa (i.e. species from the same family) were present at our site in low abundances (e.g. Capitellidae, Orbiniidae, Nereididae, Oligochaeta, bivalve *Macomona liliana*), others were absent (Sabellidae, Cirratulidae), and perhaps our resident macrofaunal community was not supported by a detrital based food web. Studies across multiple sites have demonstrated that macrofaunal species which respond to detritus at some sites do not always respond at other sites \[[@pone.0154790.ref017]\].

The lack of response by the macrofaunal community to the detrital additions may be a function of the amount added. However, the amount (220 g DW m^-2^) and the form (shredded) of the added detritus is comparable to other studies that found significant macrofaunal responses (e.g. \[[@pone.0154790.ref001], [@pone.0154790.ref003], [@pone.0154790.ref016]\]). It is possible that the more productive sandy communities \[[@pone.0154790.ref041]\] are perhaps less reliant on detritus as a primary food source than muddy communities. The productive MPB offer a palatable source of lipids and proteins for benthic consumers, whereas macrophyte detritus contains complex structural carbohydrates that must go through a microbial pathway before they can be effectively ingested. Therefore, in many estuaries the benthic food web is thought to be supported by MPB, which is more efficiently assimilated and nutritious (reviewed by \[[@pone.0154790.ref049]\]).

We show that on a small spatial scale (2 m^2^), soft-sediment ecosystem responses to detrital addition are short-term, temporally variable, and macrophyte source-dependent. The detrital effects we saw in the benthic primary production suggest that detrital subsidies are likely to contribute to the transient and heterogeneous nature of temperate sandflats by altering important ecosystem functions. Further research is needed to tease apart the potential pathways (i.e. fertilisation effects or direct consumption) that this detritus enters the food web (e.g. expanding on isotope experiments by \[[@pone.0154790.ref050]--[@pone.0154790.ref052]\]). Furthermore, the role of detrital subsidies in changing benthic ecosystem function may be enhanced over the larger spatial scales that are characteristic of washed-up detrital matter in temperate intertidal ecosystems (e.g. wrack accumulations, \[[@pone.0154790.ref053]\]), and this would be worthy of further investigation. Our study, along with previous studies have found that ecosystem responses to detrital addition depend on the detrital source, and this restates that current and projected changes in macrophyte abundance and distributions in temperate estuaries may have implications for connected ecosystems that receive detrital subsidies.
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